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Lactate, a useful marker for disease mortality and severity
but an unreliable marker of tissue hypoxia’hypoperfusion
in critically ill patients
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Early aggressive hemodynamic resuscitation using elevated plasma lactate as a marker is an essential component of managing criti-
cally ill patients. Therefore, measurement of blood lactate is recommended to stratify patients based on the need for fluid resuscita-
tion and the risks of multiple organ dysfunction syndrome and death. Hyperlactatemia is common among critically ill patients, and
lactate levels and their trend may be reliable markers of illness severity and mortality. Although hyperlactatemia has been widely rec-
ognized as a marker of tissue hypoxia/hypoperfusion, it can also result from increased or accelerated aerobic glycolysis during the
stress response. Additionally, lactate may represent an important energy source for patients in critical condition. Despite its inherent
complexity, the current simplified view of hyperlactatemia is that it reflects the presence of global tissue hypoxia/hypoperfusion with
anaerobic glycolysis. This review of hyperlactatemia in critically ill patients focuses on its pathophysiological aspects and recent clini-
cal approaches. Hyperlactatemia in critically ill patients must be considered to be related to tissue hypoxia’hypoperfusion. Therefore,
appropriate hemodynamic resuscitation is required to correct the pathological condition immediately. However, hyperlactatemia can
also result from aerobic glycolysis, unrelated to tissue dysoxia, which is unlikely to respond to increases in systemic oxygen delivery.
Because hyperlactatemia may be simultaneously related to, and unrelated to, tissue hypoxia, physicians should recognize that resus-
citation to normalize plasma lactate levels could be over-resuscitation and may worsen the physiological status. Lactate is a reliable
indicator of sepsis severity and a marker of resuscitation; however, it is an unreliable marker of tissue hypoxia/hypoperfusion.
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INTRODUCTION

ARLY AGGRESSIVE HEMODYNAMIC resuscita-

tion is recommended for managing critically ill patients,
especially those with severe trauma and sepsis. Resuscita-
tion is a critical component of management that is required
beyond the identification of the origin of major hemorrhage
and its control' and identification of the septic focus and its
treatment with appropriate antibiotics.*”
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Elevated plasma lactate levels have been recommended as
a parameter for hemodynamic resuscitation. In the manage-
ment of patients with trauma, it has been suggested that up
to 85% of severely injured patients continue to exhibit inad-
equate tissue oxygenation after normalization of the conven-
tional markers of resuscitation, including restoration of
normal blood pressure, heart rate, and urine output.4 There-
fore, measurement of blood lactate is recommended to strat-
ify patients based on the need for ongoing fluid
resuscitation, the risk of multiple organ dysfunction syn-
drome and death,* as a marker for identifying patients
requiring early aggressive resuscitation.’

Hyperlactatemia is common among patients requiring
critical care, and lactate levels and their trend may be reli-
able markers of illness severity and mortality.>’ Lactate
was recently included in a multibiomarker-based outcome
risk model for patients with septic shock.® Although hyper-
lactatemia has been widely recognized as a marker of
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tissue hypoxia/hypoperfusion, the source, biochemistry,
and metabolic functions of lactate remain unclear.
Recently, it was clearly suggested that hyperlactatemia
could result not only from tissue hypoxia or anaerobic gly-
colysis but also from increased or accelerated aerobic gly-
colysis during the stress response.” "' Additionally, lactate
may represent an important energy source for patients in
critical condition.”!' "2 Despite its complexity, hyperlac-
tatemia interpretation has been simplified as representing
the presence of global tissue hypoxia/hypoperfusion with
anaerobic glycolysis.'*!"?

Herein, we review the pathophysiological aspects and
recent clinical approaches for hyperlactatemia in critically ill
patients.

LACTATE PRODUCTION AND REMOVAL

Production and removal of lactate from
blood

HE DAILY LACTATE production in resting humans is

estimated as 20 mmol/kg,'* primarily from highly gly-
colytic tissues such as skeletal muscles.'® The reaction for
generating or consuming lactate is shown below:

Pyruvate + NADH + H" = lactate + NAD™.

Pyruvate is generated largely by anaerobic glycolysis.
The redox-coupled interconversion of pyruvate and lactate
occurs in the cytosol and is catalyzed by lactate dehydro-
genase. The blood lactate : pyruvate ratio is maintained at
approximately 10:1; therefore, any condition that increases
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pyruvate generation will increase lactate

(Fig. 1).

Lactate can be metabolized by the liver and the kidneys
either through direct oxidation or as a source of glucose,”!!
and the liver accounts for up to 70% of whole body lactate
clearance.'® Under normal conditions, the generation and
consumption of lactate are equivalent, which results in a
stable concentration of lactate in the blood."’

generation

Gluconeogenesis and oxidation as major
mechanisms of lactate metabolism

Lactate is reconverted to pyruvate and metabolized in the
liver, kidney, and other tissues through the Cori cycle, which
generates glucose and consumes adenosine triphosphate
(ATP) (gluconeogenesis).12 Lactate is also metabolized
through the tricarboxylic acid cycle and oxidative phospho-
rylation in the liver, kidney, muscle, heart, brain, and other
tissues, generating ATP when pyruvate is oxidized to carbon
dioxide and water.

Half of lactate is metabolized through oxidation at rest,
and 75-80% during exercise.'® In contrast, lactate produc-
tion by muscle and other tissues is coupled with its conver-
sion to glucose (gluconeogenesis).19 Thus, lactate is an
important precursor of gluconeogenesis and a key source of
glucose.””

Under stress conditions, lactate has been suggested to act
as a biofuel that eliminates blood glucose use and provides
additional glucose.12 Therefore, hyperlactatemia may indi-
cate a protective response to stress under critical conditions.

Mitochondria

Glycogen i{} Glucose C—— > Pyruvate > Lactate

Plasma lactate

Fig. 1. Epinephrine-induced lactate production. Epinephrine increases cyclic AMP (CAMP) production through B2-adrenergic receptor
activation, glycogenolysis/glycolysis stimulation, and Na*/K*-ATPase pump activation, which converts adenosine triphosphate (ATP) to
adenosine diphosphate (ADP). ADP reactivates glycolysis and generates pyruvate through a cAMP-dependent mechanism. These
combined mechanisms result in lactate production. AMP, adenosine monophosphate; TCA, tricarboxylic acid cycle.
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ANOTHER PATHWAY OF LACTATE
PRODUCTION AND HYPERLACTATEMIA

N TISSUE HYPOXIA, lactate is overproduced and

underutilized because of impaired mitochondrial oxida-
tion,!” largely through anaerobic glycolysis.g’11 However,
hyperlactatemia can also result from aerobic glycolysis,
independent of tissue hypoxia.'' Under stress conditions,
aerobic glycolysis is an important mechanism for rapid ATP
generation. In the hyperdynamic stage of sepsis, epinephr-
ine-dependent stimulation of the f2-adrenoceptor augments
glycolytic flux both directly and through enhancement of
sarcolemmal Na*/K*-ATPase.?' Other conditions associated
with elevated epinephrine levels, such as severe trauma and
cardiogenic shock, can cause hyperlactatemia through this
mechanism. In inflammatory states, aerobic glycolysis can
also be driven by cytokine-dependent stimulation of cellular
glucose uptake.22

During high-intensity exercise and shivering, hyperlac-
tatemia is frequently observed. However, oxygen saturation
of myoglobin was found to remain stable at high exercise
intensity and correlate poorly with circulating lactate con-
centration.® Several studies have shown significant correla-
tion between plasma lactate concentrations and epinephrine
levels.”** Based on these findings, hyperlactatemia during
exercise may reflect increased aerobic glycolysis stimulated
by epinephrine rather than anaerobic glycolysis due to tissue
hypoxia.

The role of Na*/K*-ATPase pump stimulation was evalu-
ated in skeletal muscle of patients with septic shock and
shown to be a leading source of lactate formation through
aerobic glycolysis.25 Recently, long-term B-blocker therapy
was shown to decrease the blood lactate concentration of
patients with severe sepsis at presentation.”® The use of
blood lactate measurement as a triage tool in the initial
assessment of septic patients undergoing B-blocker therapy
may therefore underestimate the severity of the condition.

Although other mechanisms have been suggested,g aero-
bic glycolysis and tissue hypoxia appear to be the key fac-
tors in hyperlactatemia. Notably, the two are not mutually
exclusive and can simultaneously contribute to hyperlac-
tatemia (Fig. 1).

LACTATE AND ITS CLEARANCE ARE USEFUL
PROGNOSTIC MARKERS

HE MECHANISM OF hyperlactatemia in critical ill-
ness is multifactorial and associated with factors beyond
tissue hypoxia/hypoperfusion.27’28 Lactic acidosis refractory
to standard resuscitation is frequently caused by increased
aerobic glycolysis in skeletal muscle instead of anaerobic

glycolysis from hypoperfusion. Continued resuscitation
attempts targeting lactate levels may thus lead to unnecessary
blood transfusion and use of inotropic agents.27 It was also
suggested that resuscitation efforts to normalize lactate for
hyperlactatemia in the later phase of sepsis could be flawed
and potentially harmful.'® However, the data supporting the
clinical utility of lactate as a marker of early sepsis recovery
are robust. In a recently revised sepsis definition, serum lac-
tate level >2 mmol/L (18 mg/dL) has been used as a marker
of circulatory and cellular/metabolic abnormalities to define
septic shock, enough to substantially increase mortality.*® In
critical illness-related stress conditions, elevated lactate level
is also an independent predictor of mortality.'%o’31

The 2008 Surviving Sepsis Campaign guidelines recom-
mended measurement of lactate at initial presentation, with
an elevated value signifying tissue hypoperfusion and neces-
sitating resuscitation.”> Although they suggested measuring
lactate only at the time of presentation, serial evaluation,
including lactate clearance, may have greater value, as sug-
gested in the Surviving Sepsis Campaign guidelines 2012.>

Although presence of hyperlactatemia can be a marker of
tissue hypoxia/hypoperfusion complicated with cellular/
metabolic abnormalities,?® lactate clearance has been sug-
gested as a parameter to evaluate the effectiveness of resus-
citation. The clinical relevance of lactate and its clearance
have been repetitively evaluated. Lactate clearance greater
than 10% from the initial value is predictive of survival from
septic shock, and targeting 10% clearance provided similar
survival rates to targeting central venous oxygen satura-
tion % In patients with sepsis, lactate clearance greater
than 20% during the initial 8 h showed a 22% decline in
mortality risk relative to clearances less than 20%.” Further-
more, early lactate normalization was a survival predictor in
patients with severe sepsis.35 A meta-analysis of randomized
controlled trials evaluating the effect of early lactate clear-
ance-guided therapy in patients with sepsis®® showed that
lactate clearance-guided therapy was associated with reduc-
tion in mortality. In another meta-analysis, Zhang er al.®’
found that the pooled relative risk for all-cause mortality in
critically ill patients was 0.38 (95% confidence interval [CI],
0.29-0.50). They concluded that lactate clearance was pre-
dictive of a lower mortality rate.

The clinical significance of lactate monitoring was also
evaluated. Jansen and colleagues prospectively assessed the
effect of lactate monitoring and resuscitation directed at
decreasing lactate levels in intensive care unit (ICU)
patients admitted with lactate levels >3.0 mEqg/L.> Treat-
ment was targeted at decreasing lactate levels by >20%
every 2 h for the initial 8 h. Hospital mortality was lower
and organ failures improved significantly with lactate
monitoring.
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PATIENTS WITH SEVERE HYPERLACTATEMIA
MAY COMPRISE A HETEROGENEOUS
POPULATION

N CRITICALLY ILL patients, severe hyperlactatemia is

not a rare condition. Recently, Haas and colleagues retro-
spectively analyzed patients with plasma lactate levels
>10 mmol/L.*® Although the overall mortality among ICU
patients was 9.8%, that of patients with severe hyperlac-
tatemia was 78.2%. Thus, hyperlactatemia was associated
with death in the ICU (odds ratio, 1.35 [95% CI, 1.23-1.49;
P < 0.001]). The main etiology for severe hyperlactatemia
was sepsis (34.0%), cardiogenic shock (19.3%), and car-
diopulmonary resuscitation (13.8%). Patients developing
severe hyperlactatemia after >24 h of ICU treatment had
significantly higher mortality (89.1%) than patients devel-
oping severe hyperlactatemia within 24 h of ICU admit-
tance (69.9%, P < 0.0001). Lactate clearance after 12 h
showed a receiver—operating characteristic area under the
curve value of 0.91 for predicting ICU mortality (cut-off
yielding highest sensitivity and specificity, 12-h lactate
clearance of 32.8%). In patients with 12-h lactate clear-
ance <32.8%, ICU mortality was 96.6%. Severe hyperlac-
tatemia is thus associated with extremely high ICU
mortality, especially when there is no marked lactate clear-
ance within 12 h.

However, patients with severe hyperlactatemia may com-
prise heterogeneous etiologies. Intensive care unit mortal-
ity, peak lactate concentration, and 12-h clearance were
evaluated in etiological subgroups. The respective ICU
mortality and 12-h lactate clearance (95% CI) for each
subgroup are as follows: sepsis, 90.4% and —3.3% (—29.7
to 34.9%); cardiogenic shock, 0.5% and —2.7% (—28.9 to
39.6%); postoperative cardiosurgical patients, 3.8% and
73.8% (45.4 to 81.3%); cardiopulmonary resuscitation,
82% and 4.1% (—13.0 to 64.8%); hemorrhagic shock,
70.0% and 25.8% (—6.3 to 74.9%); liver failure, 84.6%
and 1.5% (—21.9 to 26.2%); mesenteric ischemia, 100.0%
and —18.9% (—54.8 to 21.8%); and seizure, 0% and
89.7% (81.3 to 91.7%).

Although severe hyperlactatemia in critically ill patients
is strongly associated with high ICU mortality, the etiology
and clearance rates show heterogeneity.

CONCLUSIONS

YPERLACTATEMIA IN CRITICALLY ill patients
must be considered to be related to tissue hypoxia/hy-
poperfusion. Therefore, appropriate hemodynamic resuscita-
tion is required to correct the pathological condition
immediately. However, hyperlactatemia resulting from
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aerobic glycolysis unrelated to tissue dysoxia is unlikely to
respond to increases in systemic oxygen delivery.

Because hyperlactatemia can be simultaneously related to,
and unrelated to, tissue hypoxia, physicians should recog-
nize that resuscitation to normalize plasma lactate levels
could be over-resuscitation and worsen the physiological
status. Thus, lactate is a reliable indicator of sepsis severity
and a marker of resuscitation, but is not a reliable marker of
tissue hypoxia/hypoperfusion.
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